[Note on supplemental files. These two files are Excel workbooks (.xlsx, 59 and 19 kB) each with a single sheet containing a table of data and associated notes. ] (Drake and Reynolds 2012) . Flights at these higher altitudes usually constitute migrations (Dingle 2014 ) and may lead to invasions of growing crops and consequent economic losses (Drake and Gatehouse 1995; Koul, Cuperus, and Elliott 2008) . Radar provides the only practical means of acquiring information about such flights (e.g. Chapman et al. 2005 Chapman et al. , 2006 Drake and Reynolds 2012, chapters 12, 13; Drake and Wang 2013) . In addition, radar observation has proved critical to recent research into the cues that insects use to determine their orientation (heading direction) while flying hundreds of metres above the surface, often in darkness, and into the effects these orientation behaviours have on the insects' flight trajectories (Chapman et al. 2010; Hu, Lim, Reynolds, et al. 2016; Reynolds et al. 2016) .
A radar configuration that has proved particularly useful for observing insect migrations employs a vertical beam that incorporates both rotating linear polarization and a very narrow angle conical scan Drake 2002) . With this 'ZLC configuration' (also known as a 'VLR' or vertical-looking radar), insects are interrogated by the beam modulations during the few seconds that it takes for them to complete a beam transit. Analysis of the rather complicated echo signal time series allows retrieval of information not only about the individual insect's trajectory (its height, its speed and direction of movement, and its heading direction) but also about its identity. The latter takes the form of four parameters characterising the target: one measure of size, two of shape, and the wing-beat frequency (though for some echoes no wing-beating is detectable). Some or all of these parameters have been used to discriminate target types and, in association with other data (e.g. trap catches), make identifications of the species undertaking the migrations (e.g. Chapman et al., 2005 Chapman et al., , 2006 Chapman et al., , 2010 Drake and Wang 2013) . A study of a large F o r P e e r R e v i e w O n l y sample of echoes for which all four parameters were retrieved, obtained over eight months from a single site in inland eastern Australia using an X-band ZLC radar, revealed several distinct target classes which occurred with varying frequency from night to night and from month to month (Drake 2016) .
From the viewpoint of a biologist user, mass is a much more readily interpretable measure of target size than any directly radar-observable quantity. It is the most obvious identification character to use when relating radar observations of airborne insects to samples obtained from aerial or ground-level traps, in part because the range of insect masses is very large (>4 orders of magnitude). Mass values also feed directly into estimates of 'bioflow' and consideration of aero-ecological processes (Isard and Gage 2001; Frick et al. 2013; Hu, Lim, Horvitz, et al. 2016) , so their estimation has intrinsic biological value. Methods for estimating the masses of insect targets from their radar properties, especially the radar cross section (RCS, the radar measure of target size), have been developed previously and are considered again here. It would obviously be useful if further quantities could be identified that would allow discrimination between targets with similar masses; these would constitute information dimensions orthogonal to that provided by the measure of radar size. The obvious candidates for such quantities are the wing-beat frequency (see below) and the two shape parameters, either singly or in combination. Because the radar wavelength is comparable to the size of the insect targets, the shape parameters can be expected to provide information only about large-scale features. The obvious candidate is the length:width ratio, termed here the 'form' f = l/w. The primary aim of this study has been to identify relationships linking the three radar-target parameters to m and f, and if these are informative to develop equations for routine estimation of these two characters from ZLC-radar observation data. Association of target properties with RCS size and shape values can be achieved through calculation using electromagnetics theory or by measurement. Application of theory to biological targets presents many challenges and so far has been confined to a single example (a bat; Mirkovic et al., 2016) . Laboratory measurements of the RCSs of insects for which the species identification is known have been made on several occasions (summarized in Drake and Reynolds 2012, chapter 4) . For this paper we have compiled a dataset containing all available vertical-incidence measurements made at Xband frequencies (~9.4 GHz) for which both size and shape parameters were obtained;
we have then used this empirical data to examine the relationships between the masses and morphological properties of insects and their observable radar properties.
Associations between radar parameters and taxonomic group will also be searched for.
Some of the values in the dataset are from published research, some are from archived data for which only selected results had been published previously, and some are new measurements.
The fourth identification parameter retrievable from ZLC echoes, the wing-beat frequency, may also have utility both for inferring target mass (as larger insects generally have lower wing-beat frequencies; Dudley 2000, chapter 3) and as an orthogonal dimension for discriminating between targets of similar masses (Drake 2016 ). However, it was not determined for the specimens measured and is not considered further in this report. (CLPP). In the case of the laboratory measurements, the specimen was mounted horizontally and upright with the underside down, in the expectation that this approximates a normal flight attitude, and the beam was directed vertically. The zero angle of the CLPP is defined to be aligned with the main axis of the insect's body. For the radar observations, it is not certain that the targets have adopted an upright and horizontal attitude (see below), so it should only be said that the RCS values relate to zenith incidence.
A generally steady flight is to be expected during migration, and an absence of manoeuvring during the beam transit is assumed in the analysis of the echo-signal time series. This assumption is essentially validated whenever a good quality fit to an echo signal is obtained, as required for successful retrieval of the flight and targetidentification parameters (Drake and Reynolds 2012, pp. 156-159) . A steady flight suggests an upright stance (i.e. zero roll angle) but it does not require the insect's body to be horizontal and there is now evidence that some migrating insects (particularly small ones) fly with a non-zero (and positive, i.e. head above tail) pitch angle (Melnikov, Istok, and Westbrook 2015) . The effect of a pitched attitude cannot be explored with the dataset available for this study and is not considered further, except to note that: (1) consideration of electromagnetic scattering processes suggests pitch effects will be slight if the pitch is only moderate, at least for targets that are not much longer than a wavelength (32 mm for the X band radars of concern here); and (2) radarobserved CLPPs (Dean and Drake 2005) appear compatible with the laboratory measurements reported here. For copolar-linear observations, the variation of the RCS σ with polarization angle φ has the general form
where a 0 is the zenith-incidence polarization-averaged RCS and α 2 and α 4 are dimensionless parameters with positive values (Aldhous 1989; Dean and Drake 2005 (Aldhous 1989; Wang 2008 ); an improved relationship incorporating the additional data available to this study is presented here.
The expression in square brackets in Equation (1) is the CLPP. For a bilaterally symmetric target, which an insect in unbanked flight will constitute to a good approximation, the CLPP must also exhibit bilateral symmetry and therefore θ 2 and θ 4 must be equal. Symmetry considerations also require that the common value, denoted θ 0 , must represent either the target's body axis or the perpendicular to it. Both radar observations (e.g. Dean and Drake 2005) and laboratory measurements (Hobbs and Aldhous 2006) are generally consistent with a common value for θ 2 and θ 4 , and this simpler CLPP form has been used in the analyses presented here. The α 2 term in the CLPP produces elongation (of a basic circular form) and α 4 contributes a cruciform element. Consideration of electromagnetic scattering mechanisms indicates that for insects that are small relative to a wavelength the elongation direction of the CLPP will coincide with the body axis. Previous analyses of measurements at X band have 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Riley 1985) . Following Dean and Drake (2005) , these two CLPP types will be referred to as 'parallel' and 'perpendicular' respectively. For the measurements, the insects were oriented in the rig with their heads towards θ 0 = 0. For observations made with a radar, determining whether θ 0 represents the body axis or the normal to it requires additional, a priori, information (such as that the observations are being made in a region where the aerial fauna includes very few large insects). Even if the 90° uncertainty is resolved, ambiguity about whether the heading direction is θ 0 or θ 0 + 180° (for the parallel case) will remain.
According to electromagnetic theory, the parameters α 2 and α 4 are positive and are constrained by (Dean and Drake 2005) . This equation defines a semi-elliptical boundary with 0 ≤ α 2 ≤ √ 2 and 0 ≤ α 4 ≤ 1, the ellipse centre being at (α 2 , α 4 ) = (0, ½). In the measurement data, the angle θ 0 for targets with perpendicular CLPPs will be retrieved as ~90°. An alternative scheme for representing perpendicular targets is to retain θ 0 as representing the body axis (i.e. θ 0 = 0), but to make α 2 negative (Dean 2007) ; this moves these shapes into the left-hand half of the constraint ellipse so that they are clearly separated from similarly-shaped CLPPs with parallel alignment. This reset is straightforward for the laboratory measurements, for which the true alignment is known, and is adopted in this work. It is of course problematic for observation data unless some means of distinguishing the parallel and perpendicular cases is available. (Aldhous 1989; Hobbs and Aldhous 2006; Dean 2007; Drake 2016) . The 'harmonic model' (Hobbs and Aldhous 2006) of Equation (1) appears natural and straightforward and has been used in a previous investigation of insect target shapes (Dean and Drake 2005) ; it will form the basis for the present analysis. There will however be some discussion of the parallel σ xx = σ(φ − θ 0 = 0) and transverse σ yy = σ(φ − θ 0 = 90°) RCS values, which can be obtained from the transformations (Aldhous 1989, p. 21 )
The ratio of these two RCSs, r sh = σ xx /σ yy , contours of which form straight lines in the (α 2 , α 4 ) plane, will receive particular attention. Use will also be made of the orthogonal variables (p, q) introduced by Drake (2016) . Contours of p are concentric ellipses, with p = 1 defining the constraint boundary of Equation (2) and p = 0 the central point at (α 2 , α 4 ) = (0, 0.5). Contours of q are orthogonal to these and form curves that run from the centre to the periphery, with q = 0 coincident with the α 4 axis, q = 1 intersecting the boundary at α 2 ≈ 0.9, and q = 2 intersecting at α 2 ≈ 1.4, just below the boundary's righthand maximum. The (p, q) system becomes unsatisfactory for α 4 ≥ 0.5, but such targets occur infrequently and there is only one example in the measurement dataset.
The dataset and data sources
The CLPP data used in this analysis comprise 156 specimens of 40 species (Table 1) .
They originate from four sources: (1) measurements made in 1979 by JRR and associates at the Centre for Overseas Pest Research, U.K., denoted here by C; (2) measurements by Aldhous (1989) , denoted A; (3) measurements by Wolf et al. (1993) , (Johnson 1969 ); a few beetles (Coleoptera), bees and wasps (Hymenoptera), and craneflies (Diptera) are also present. All specimens occur once only in the dataset. There are five species for which measurements are available from two sources and 11 species for which measurements of five or more specimens are available; however, intra-specific variation is not considered in this paper.
The specimens derive from Europe (southern England, C, A, S) and North America (USA, W), or from laboratory cultures of African and North American species (C, A, and probably W). Many of the species measured are known migrants and some have been the subject of entomological radar observations (Drake and Reynolds 2012, chapters 10-13) . A few probably non-migratory species appear to have been included because of their ready availability when measurements were being made; these add diversity to the sample and in some cases provide examples of particular body forms and sizes. Most of the species represented occur only in one continent and the dataset will therefore not be representative of the migrating insect fauna at any actual ZLCradar observing site. This is especially the case for the orthopteran subsample, which comprises only six species of which four, with 33 specimens (69% of the subsample), are of unusually large types (locusts, all with m > 1 g and all but one, an outlier, with perpendicular CLPPs). Because such large insects are not found in the migrant faunas at the two localities (in England and Australia) where most ZLC-radar observations have been made, some of the analyses reported here have been repeated with these specimens excluded. The lepidopteran specimens comprise 28 species, many known to be migratory; the mass range 100 < m ≤ 300 mg, with 54 specimens (57% of the (1) were recovered as (Aldhous 1989, p. 21) . Note that Equation (4b) automatically delivers the negative values of α 2 discussed above for the targets for which σ yy > σ xx . Solutions were also (1) for verification purposes. They were mostly within 1% of the SM3 values for a 0 and α 2 and often also for α 4 , although there were some large differences for this last parameter, usually when its value was <0.1. These 'harmonic'
solutions also helped to identify false minima in a small number of the SM3 fits, which were then recalculated satisfactorily using different starting values. Some statistics for the parameter values are provided in Table 2 .
Insert Table 2 for some of these have appeared previously Chapman et al. 2005 Chapman et al. , 2006 . After exclusion of two large specimens that fall well within the range for which CLPP measurements are available, L comprises 77 specimens of 15 species and covers a mass range of 0.2−65 mg; there are mass values for all of these, but only 37 (48%) also have lengths and widths.
Measurements
All CLPP measurements were made in laboratory rigs with the target at a distance of ~1 m from the antenna, which had a small aperture so that the target was in the far field.
For W a pulse-chirp radar system was used and only echo from the target's range was recorded; the radar operated over frequencies ranging from 8 to 12 GHz and the results are averages thought to represent a frequency of ~10 GHz. The other measurement systems used continuous transmission at 9.4 GHz, the frequency used by almost all Xband entomological radars; they relied on absorptive materials, and for A a sky background, plus cancellation of non-target echo by passively returning an anti-phase signal via a directional coupler. Calibration was with metal spheres with RCSs extending over the range of RCSs being measured and placed at the target position; a calibration curve was fitted and its parameters used to convert measured echo intensities (recorded as a voltage) to RCSs. Measurements were made at φ intervals of 10° in C, 15° in W, and <1° in A and S. The S data subset includes repeated measurements of a small metal rod (length 16 mm, i.e. ~λ/2, and diameter ~1 mm) or 'dipole' that served to verify that the system performance had not altered. Further details for A, C, and W are available in the original publications (Aldhous 1989; Riley 1985; Wolf et al. 1993; Hobbs and Aldhous 2006) ; for S, the rig used was an upgraded version of that for C, with automated data acquisition at fine angular resolution.
The smaller insects in the L data subset were measured with a transmission-line (or 'rail-line') rig (Riley 1985) . It was not practicable to measure the insect's angular position, and the σ xx and σ yy values were obtained by gluing the insect first vertically (σ yy measurement) and then horizontally (σ xx measurement) to a taut attachment line passing between the rails, with the insect oriented perpendicular to the rails (and parallel
to the E-field) in the latter case.
Measurements were made with specimens that were either anaesthetized (A, W), freshly dead (some S, probably C), or freshly thawed after having been frozen (some S).
As water is the main radio-reflective component of an insect it is important to measure both mass and the RCS properties before dehydration occurs; it appears that this was generally achieved. The legs of some of the large locusts in C drooped when the insect was mounted in the measuring rig, and for some of these the measurements were made Measurements made with the legs down, or with one or both legs missing, have not been used. Masses and body lengths were measured for all 156 specimens and abdomen widths for all but one.
Results
The RCS parameters for each specimen, along with specimen identifications, masses, 
Estimation of target mass
With more measurements now available, it is appropriate to re-examine the relationship of target mass to ZLC-observable size and shape parameters. As the parameter a 0 is a measure of target size, it is the obvious quantity on which to base an estimate of mass and a method depending on it alone is developed first. The possibility that improved mass estimates can be obtained by additionally incorporating the shape parameters α 2 and α 4 is also explored.
Polarization-averaged RCS and mass
For a particular radar frequency and a particular target shape, the variation of the The variation of mass m with a 0 for the combined datasets is shown in Figure 1 using logarithmic scales for both variables. For the L data points, the σ xx values were divided by a factor of 2.19, the average ratio of σ xx /a 0 for the targets in the main dataset with a 0 < 0.25 cm 2 (n = 18, s. d. 0.24). It is apparent that there is a broad spread, with a range in log 10 m of ~0.5 at most a 0 values. For a 1-cm 2 target, for example, this corresponds to a mass range of 60 ≤ m ≤ 180 mg. This can be attributed to variations in shape and density between species, with a contribution also from experimental error.
There is no evidence of maxima and minima, except perhaps in the extent of the spread which could originate from maxima and minima occurring at different a 0 values for insects with different morphological forms. (Table 3) , with parameters estimated from analyses of the C, A, and W data subsets, that conforms with these requirements to a good approximation. It uses a second-order curve in the Mie region, and while it does not employ an optical-region asymptote explicitly, the slope at the position of the largest target (log 10 a 0 ≈ 1.2) is ~1.6, which is not much different from the asymptotic value of 1.5, so it is broadly consistent with this requirement. To determine the free Rayleigh-region parameter, they took account also of those elements of the L data subset that were then available. For the study dataset, the transition to the Rayleigh-region was fixed at a 0 = 0.25 cm 2 , the value used by , as this appears consistent with both theory and the data Insert Table 3 near here
Insert Figure 1 near here
The new relationship with a second-order linking section differs from that of spurious, and as the upper transition point becomes unreasonably low, this more complicated formula has not been adopted. 
. Mass estimation incorporating shape parameters
To explore whether the shape parameters α 2 and α 4 can contribute to the estimation of mass, we have undertaken a multiple-regression analysis with log 10 m as the dependent variable and log 10 a 0 , α 2 and α 4 as independent variables. This is of course possible only for targets for which the full CLPP was measured, i.e. for the C, A, S, and W data. No attempt has been made to merge the estimation relationship into the expected asymptotic forms in the Rayleigh and optical regions. However, the dataset includes some of the largest insects known to migrate and extends down to an a 0 value of 0.005 cm 2 (−23 dBsc, mass 9 mg; Table 2 ), which corresponds quite closely to the lower limit of target sizes that are detectable or commonly detected (Drake 2013 (Drake , 2016 with ZLC radars, so this is not a major defect.
A sequence of multiple linear regressions was undertaken, starting with a constant term plus a term linear in log 10 a 0 and then adding terms in (log 10 a 0 ) 2 , α 2 , and α 4 . The quadratic term was included because the log 10 m vs log 10 a 0 relationship must change slope over the a 0 range encompassed by the dataset (as discussed in the previous subsection where a quadratic relationship was also employed). Regressions were carried out using the lm (Linear Models) facility of R (R Development Core Team 2008) and assessed using analysis of variance (with R's anova facility). The results are summarized in Table 4 . They show that a linear term in log 10 a 0 has the greatest explanatory power, and an α 2 term is more effective than a quadratic term in log 10 a 0 at further reducing the residual sum of squares and increasing the R 2 . Adding either a quadratic term in log 10 a 0 or an α 4 term to the combination of log 10 a 0 (linear) and α 2 provides no significant further improvement. A scatterplot of α 2 vs a 0 (not shown) reveals that α 2 > 0.5 for a 0 < 0 dBsc but it decreases steadily above this point and is negative for a 0 > 3 dBsc, so the value of this parameter provides information on the Figure 1 at a 0 ≈ 0 dBsc). A linear term in α 2 apparently does this more effectively than a quadratic term in log 10 a 0 , with the former giving an uncertainty on the mass estimates of ±40% (residual standard error on log 10 m of 0.16) and the latter ±60% (0.24). The α 4 vs a 0 plot (also not shown) exhibits a less clear and more scattered dependence of α 4 on a 0 , so it is unsurprising that this parameter makes almost no additional contribution.
Insert Table 4 near here Aldhous (1989) , using only the A data subset, explored how mass varied with several RCS quantities and found approximately linear relationships for log 10 m vs log 10 σ le , where σ le is the lesser of σ xx and σ yy , and for log 10 m vs log 10 (σ xx /σ yy ). (These σ xx and σ yy are as defined here rather than in the original publication; see section 2.2.) Scatterplots (not shown) demonstrate that these relationships retain their quasi-linear form with the full CLPP dataset. We have therefore explored including these terms in the regression as an alternative to α 2 (Table 4 ). It was found that log 10 σ le provides only modest additional explanatory power but log 10 (σ xx /σ yy ) performs almost as well as α 2 .
Shape as an identification character

Radar shape and taxonomic group
The distribution of the shape parameter pairs (α 2 , α 4 ) over the allowed region of the (α 2 , α 4 ) plane is shown for the full CLPP dataset in Figure 2 (a). It can be seen that α 4 < 0.5 for all but one specimen and that pairs are found across much of the right-hand half (α 2 > 0) of the α 4 < 0.5 part of the allowed area but are confined to a more restricted region (α 4 < 0.3) of the left-hand half. There is a concentration of targets on or close to the boundary where α 2 ≈ 1.0, a region corresponding approximately to the 'main cluster' identified in analyses of ZLC-radar observations of target shape (Dean There are relatively few targets in the region 0 < α 2 ≤ 0.5 and only one of these has α 4 < 0.2; the equivalent region of the left-hand half, however, is crowded.
Insert Figure 2 near here
Lepidopteran specimens extend throughout the right-hand half of the figure but are most numerous in or close to the main-cluster region; there is only one specimen with α 2 < 0. Orthopterans occur in both halves but only two fall into the main cluster;
orthopterans in the right-hand half mostly have α 4 > 0.2. The specimens from other orders all fall into the right-hand half, some in the main cluster but others well away from the boundary; this is a morphologically mixed group so a variety of (α 2 , α 4 ) combinations is to be expected. The figure also shows the results for the dipole; they fall along the boundary where α 2 is approaching its maximum possible value and, reassuringly, show little spread.
In order to explore these patterns more precisely, a main-cluster region (MCR) will be defined in terms of the orthogonal variables (p, q) as these delineate it very nicely (Figure 2(b) ). There are 79 specimens in the MCR, of which 2 are Orthoptera, 68
are Lepidoptera, and 9 are other taxa; of the 77 specimens falling outside the MCR, 46
are Orthoptera, 26 Lepidoptera, and 5 other. The uneven distribution of orthopterans and lepidopterans is significant (G-test for a model-I 2×2 contingency table with Yates correction, G = 69.3, 1 d.f., P < 0.001; Sokal and Rolf 1995, ch. 17) ; it remains significant, though at a lower level, if the specimens with perpendicular CLPPs (32 locusts, 1 moth) are excluded (G = 21.8, P < 0.001).
Relation of radar shape to mass and morphology
The location of a specimen on the (α 2 , α 4 ) plane will be determined by its size and though the variance appears greater and this makes the trends somewhat less evident.
Regression analyses (Table 5) show that the trends are significant. However, the decrease of mass with increasing p within the combined MCR and MCRE regions has a modest adjusted r 2 and accounts for only 29% of the sum of squares. Four points with very low mass (9 ≤ m ≤ 14 mg) appear as outliers, but this is essentially an artefact of the measurement sample in which low masses are under-represented: it appears likely (Table 5) Excluding these leaves a still significant relationship for log 10 m but not for log 10 a 0 (Table 5) . If the two low-mass specimens that arguably belong in the MCR are also excluded, the adjusted r 2 for log 10 m rises to 0.77 (though that for log 10 a 0 is not improved). Similar weak trends for log 10 a 0 in these two regions were noted in an analysis of a single night of ZLC-radar observations at an Australian site (Dean and Drake 2005) . with the m > 1 g locusts excluded, the proportions are 36, 30, and 9% with P values <0.001, <0.001, and 0.05. Thus the length shows differences and trends similar to those for m and a 0 , but for the width and form the trends are less clear.
Insert
Insert Figure 3 near here
Two additional regression analyses have been undertaken for the form f to examine its potential for providing information orthogonal to that from a 0 . For the CLPP data, adding q into the regression of f against p in the combined MCR and MCRE increases the sum of squares accounted for, but only to 2% and neither parameter is significant. Adding α 4 into the regression of f against α 2 for all non-MCR specimens provides negligible improvement; however, with the locusts excluded the proportion accounted for increases to 20% and this is also achieved with α 4 alone.
For the small specimens in the L subsample, the available radar measure of shape is the ratio r sh (i.e. σ xx /σ yy ). The form f shows a significant relationship with r sh for these specimens (Figure 4(a) ; n = 39, coefficient 0.224 ± 0.028, intercept 1.28 ± 0.34, 64% of variance accounted for, P < 0.001). Two clusters apparent in this plot are due to single-species groups, but other species show a broad spread of r sh values (Figure 4(a) ).
A similar analysis for the mostly larger CLPP specimens, with r sh calculated from α 2 and α 4 via Equations 3 (and after excluding two specimens with r sh > 50), shows no relationship ( Figure 4(b) ; n = 121, P ≈ 0.8). This is still the case if only specimens with m ≤ 80 mg, i.e. in the same mass range as those in the L subsample, are included (n = 15, P ≈ 0.6), and also if the range is extended slightly to m ≤ 100 mg in order to Figure 6 , and the number of specimens falling within or near them, are presented in Table 6 . Region C, which contains only a small number of specimens, is tentatively identified as a spur off the main trajectory. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (see Figure 5 ) that they lie close to the constraint boundary.
Insert Table 6 near here 
Identification of perpendicular CLPPs
As noted above, when targets are observed with a ZLC-radar (as opposed to in a laboratory rig), there is a possibility of a 90° error in the retrieved alignment. The question of whether this can be resolved from the radar observations themselves is examined here by direct reference to the dataset. In this sample, and after eliminating one outlier point, the transition to perpendicular CLPPs occurs around m ≈ 600 mg (Figure 2b ) and in the zone 3 < a 0 ≤ 4 dBsc. Unfortunately the dataset includes only one specimen in the 500 < m < 1000 mg transition region, so the transition behaviour cannot be discerned in any detail.
Discussion
The measure of size provided by a ZLC radar is the polarization-averaged RCS a 0 and an established monotonic relationship between this and mass has been verified, and its parameters refined, in this work. Masses estimated from a 0 have an uncertainty of ~±60%, but given the wide range of insect sizes this still provides useful discrimination.
If the shape parameter α 2 is incorporated into the mass-estimation procedure the uncertainty can be reduced to ~±40%, but seamless linking into the lower and upper asymptotic regions will then be lost so this is feasible only when small or very large insects are absent or of no interest. Use of a spline quadratic in log 10 a 0 to link appropriate linear asymptotic slopes (Table 3, line 2) appears adequate and robust and leaves the shape parameters as independent identification variables; this relationship is therefore recommended for general use.
An important finding from this research is that the values of α 2 and α 4 , the primary shape parameters, are determined mainly by the size of the insect, as represented either by its mass or its length. Small and medium-sized insects, with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These major variations of α 2 and α 4 with m, and hence also with a 0 , mean that these parameters do not form a naturally orthogonal system with a 0 . The trajectory is broad, and the obvious candidate for orthogonality is the transverse direction. This changes as m increases, meaning that different relationships would have to be sought in different regions. Symmetry considerations require that a perfectly round insect will have a circular CLPP, i.e. one with α 2 = α 4 = 0, and basic consideration of electromagnetic scattering leads to the expectation that the CLPPs of elongated insects are unlikely to be circular, and that the patterns for insects of the same mass but differing degrees of elongation (i.e. different forms) will not be the same, so some degree of orthogonality seems assured. The obvious relation to test, therefore, is one between form and a quantity representing the transverse direction; the latter could be α 2 or q in regions A, B and D and α 4 in regions C-G. Regression analyses found no contribution from q in the former region and only a moderate one from α 4 in the latter.
In contrast to these results which suggest there is little prospect of estimating f from the radar data for the larger insects (m > ~80 mg) predominating the CLPP sample, F o r P e e r R e v i e w O n l y and Chapman et al. (2005 Chapman et al. ( , 2006 were able to use shape to discriminate between targets when observing very small (m ≤ 13 mg) species.
They used the ratio r sh = σ xx /σ yy as their identification parameter, with values determined by laboratory measurements (and included here in L) of around 10, 10, and 20 for diamondback moths, carabid beetles, and lacewings respectively. In this study, a linear relationship between r sh and f was found for the full L sample (m ≤ 81 mg), but not for a smaller sample of the specimens of similar size in the CLPP sample. That a relationship between radar shape and morphological form should be more apparent for small insects (targets falling into the Rayleigh region, or close to it) than for larger ones (Mie region) is not altogether unexpected given the more complicated radio-wave scattering processes involved with the latter which lead, at higher masses, to the transition to perpendicular CLPPs. Given that r sh broadly increases with α 2 (Figure 6 ), there is no reason to expect it to have any advantage as a discriminating variable for specimens larger than those in L.
The majority of targets detected so far with ZLC-radars have a 0 < 3 dBsc (e.g.
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